Kogiids are known by two living species, the pygmy and dwarf sperm whale (Kogia breviceps and K. sima). Both are relatively rare, and as their names suggest, they are closely related to the sperm whale, all being characterized by the presence of a spermaceti organ. However, this organ is much reduced in kogiids and may have become functionally different. Here we describe a fossil kogiid from the late Miocene of Panama and we explore the evolutionary history of the group with special attention to this evolutionary reduction. The fossil consists of cranial material from the late Tortonian (~7.5 Ma) Piña facies of the Chagres Formation in Panama. Detailed comparison with other fossil and extant kogiids and the results of a phylogenetic analysis place the Panamanian kogiid, herein named Nanokogia isthmia gen. et sp. nov., as a taxon most closely related to Praekogia cedrosensis from the Messinian (~6 Ma) of Baja California and to Kogia spp. Furthermore our results show that reduction of the spermaceti organ has occurred iteratively in kogiids, once in Thalassocetus antwerpiensis in the early-middle Miocene, and more recently in Kogia spp. Additionally, we estimate the divergence between extant species of Kogia at around the late Pliocene, later than previously predicted by molecular estimates. Finally, comparison of Nanokogia with the coeval Scaphokogia cochlearis from Peru shows that these two species display a greater morphological disparity between them than that observed between the extant members of the group. We hypothesize that this reflects differences in feeding ecologies of the two species, with Nanokogia being more similar to extant Kogia. Nanokogia shows that kogiids have been part of the Neotropical marine mammal communities at least since the late Miocene, and gives us insight into the evolutionary history and origins of one of the rarest groups of living whales.
Introduction
Kogiidae is a family of toothed whales represented by two extant species, the pygmy (Kogia breviceps (Blainville [1] )) and the dwarf (K. sima (Owen [2] )) sperm whales, and having a worldwide distribution from temperate to tropical regions [3] [4] . However, they are some of the rarest whales, and hence little is known of their life history [5] . This is also true of their fossil record, which is relatively sparse, with a total of five species described so far: Thalassocetus antwerpiensis Abel [6] , from the early-middle Miocene of Belgium [7] ; Scaphokogia cochlearis Muizon [8] , from the late Miocene (Tortonian) of Peru [9] [10] ; Praekogia cedrosensis Barnes [11] , from the late Miocene (Messinian) of Baja California; Aprixokogia kelloggi Whitmore and Kaltenbach [12] , from the early Pliocene (Zanclean) of North Carolina; and Kogia pusilla (Pilleri [13] ), from the late Pliocene (Piacenzian) of Italy [14] . In addition to these, there are a number of additional Neogene records of kogiids based on family-level diagnostic elements such as isolated earbones (e.g. [15] ), showing that the group was already widespread throughout the Neogene in subtropical to temperate regions. Nonetheless, we still know very little about their ancient diversity and distribution due to the scarcity of cranial material described, as well as the limited taxonomic information provided by other elements.
Here we describe the first fossil kogiid from the Central American and Caribbean region, based on cranial material recovered from the late Miocene (latest Tortonian) Chagres Formation [16] [17] on the Caribbean coast of Panama (Fig 1) . The Chagres kogiid represents a new taxon closely related to Praekogia cedrosensis and Kogia spp. The other known Neotropic fossil Evolutionary Patterns in Kogiid Sperm Whales kogiid is Scaphokogia cochlearis from similar-aged (Tortonian) deposits in Peru. These two occurrences show that kogiids have been established in the Neotropics at least since that time. However, the new Panamanian taxon and Scaphokogia cochlearis display much greater morphological disparity between them, relative to what is seen in extant Kogia spp., clearly showing that we are far from fully understanding deep-time diversity in kogiids. The new taxon from Panama is added to an increasing list of fossil marine mammals from the region, and it is a step further towards a better understanding of deep-time diversity of Neotropical marine mammals.
Materials and Methods
Measurements of the skulls and mandible (Tables 1 and 2 ) follow those outlined by Perrin [18] , while the morphological terminology follows Mead and Fordyce [19] . The chronostratigraphy used here follows that of Cohen et al. [20] . For the phylogenetic analysis we followed Lambert et al. [21] and throughout the text we have cross-referenced the morphology of Table 1 . Measurements (in mm) of skulls of Nanokogia isthmia gen. et sp. nov. (modified from Perrin [18] ). Least supraorbital width 184 214e
Maximum width of external nares 48 30 Greatest width across zygomatic processes of squamosal 220 223
Greatest width of premaxillae 90 -Greatest parietal width, within posttemporal fossae 150 -Vertical external height of braincase from midline of basisphenoid to summit of supraoccipital, but not including supraoccipital crest 110 112
Greatest length of posttemporal fossa, measured to external margin of raised suture 79 84
Greatest width of posttemporal fossa at right angles to greatest length 43 51 Length of left orbit-from apex of preorbital process of frontal to apex of postorbital process
Length of antorbital process of left lacrimal 58 -Greatest width of internal nares 35 35 Greatest length of pterygoid 122 96+ 
Nomenclatural Acts
The electronic edition of this article conforms to the requirements of the amended International Code of Zoological Nomenclature, and hence the new names contained herein are available under that Code from the electronic edition of this article. This published work and the nomenclatural acts it contains have been registered in ZooBank, the online registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated information viewed through any standard web browser by appending the LSID to the prefix "http://zoobank.org/". The LSID for this publication is: urn:lsid:zoobank.org:pub: 
Description

Skull
Description of the skull is based on both the holotype (UF 280000) and the referred specimen (UF 273554) (Figs 2-9, 10-14 and S1-S2 Figs). Because in the temporal and occipital regions the relationships between the different bones are not clear we treat these as separate subdivisions below in the description instead of the individual bones. The holotype is a nearly complete skull, missing parts of the basicranium and parts of the posterolateral surface of the skull. The referred specimen is missing the rostrum, the right supraorbital process and the right half of the supracranial basin. The skull of Nanokogia is small (c. 8[0]) (Table 1) , asymmetric, with a short rostrum (c. 1 [2] ) that tapers distally, not gradually as in Kogia, and has a marked constriction at about the middle of its length (Figs 2 and 3 ). The distal end of the rostrum is squared off, not pointed as in Kogia, nor cylindrical as in Scaphokogia, nor rounded as in Aprixokogia. Sutures are fused on both skulls, indicating that they belonged to adult individuals. Premaxilla. The lateral margins of the premaxillae are nearly parallel throughout the length of the rostrum and seem to have reached the anterior tip (c. 2 [1] ). The dorsal surface along the rostrum is flat to slightly convex. There are no teeth in the premaxillae, as in Kogia and Scaphokogia (c. 7 [1] ). There are no foramina on the left premaxilla (c. 15 [0]), and none seems to be present on the right one, but this could be due to the poor preservation of the surface. Posteriorly, the left premaxilla curves posteromedially as a tongue-like projection, forming the anterior, lateral and posterior margins of the left naris, thus resembling Aprixokogia and Kogia spp.; in contrast, the left premaxilla of Praekogia cedrosensis is expanded posteriorly, reaching and forming part of the sagittal facial crest [11] [12] (Figs 2, 11, 14 and S2 Fig) . The right premaxilla forms the anterior, lateral and posterior margins of the right external naris. The external nares are greatly asymmetric as in all pan-physeteroids (c. 18 [1] ), and the nasals are absent as in all known kogiids (c. 19 [2] ). The frontal portion of the right premaxilla expands laterally, medially and posteriorly where it joins the left maxilla, together forming the sagittal facial crest (c. 12 [1] , 14 [1] ). The dorsal surface of the right premaxilla is flat to convex, thus lacking the central premaxillary fossa seen in Thalassocetus and Kogia (Lambert [7] Maxilla. On the rostrum, the maxilla reaches the distal tip, together with the premaxilla and the vomer (c. 2 [1] ). When viewed dorsally, the lateral borders of the rostral portion of the maxilla taper anteriorly with a marked constriction at about mid-length, its width diminishing anteriorly and becoming narrower in dorsal view than the premaxilla anteriorly (c. 4 [1] , 5[0] ). Along the rostrum, the dorsal surface of the maxilla is flat to convex, especially in the area The outline of the supracranial basin is oval, similar to that of Praekogia and contrasting with the more rounded outline of Kogia. The lateral maxillary crests are high, with rounded to sharp, medially recurved dorsal margins that slightly overhang the basin, similar to Praekogia and differing from the more inflated crests of Kogia and the thinner crests of Aprixokogia. The lateral maxillary crests of Nanokogia reach a maximum height and width of about 20 mm at the level of the antorbital notches; posteriorly the crests diminish in height and thickness (reaching a minimum of~5 mm). Posterolaterally the maxillary crests overhang the temporal fossa and occipital region (Figs 2, 4, 6 and 7). Medially, the left maxilla joins the right premaxilla and forms part of the anterior half of the sagittal facial crest as in Praekogia Abbreviations: an, antorbital notch; bo/bs, basioccipital/ basisphenoid; boc, basioccipital crest; cb.e, cerebral endocast; eam, external auditory meatus; fg, frontal groove; in, internal nares; jn, jugular notch; la+j, lacrimal + jugal; ma, mandible; mx, maxilla; npp, notch for posterior process of tympanic; oc, occipital condyles; pl, palatine; prs, presphenoid; ptdl, dorsal lamina of pterygoid; ptha, pterygoid hamulus; ptml, medial lamina of pterygoid; ptsf, pterygoid sinus fossa; tsr, tympanosquamosal recess; vif, ventral infraorbital foramen; vo, vomer. Gray shaded areas indicate sediment; diagonal lines denote broken surfaces. doi:10.1371/journal.pone.0123909.g003
Evolutionary Patterns in Kogiid Sperm Whales [11] ). The deepest part of this fossa is towards its anteromedial edge, where it reaches a maximum depth of about 2 cm; posteriorly it becomes shallower. A similar fossa is present in Praekogia cedrosensis and Aprixokogia kelloggi. However, in Praekogia the fossa is floored by both the premaxilla and maxilla, whereas in Nanokogia, as in Aprixokogia, it seems to be formed solely by the maxilla. The supracranial fossa of Aprixokogia differs from Nanokogia and Praekogia in that it extends further posteromedially ( Figs 11, 14 and S2 Fig) . On the right maxilla of Nanokogia there are at least three small, dorsal infraorbital foramina (c. 11 [0] ). The single anterior dorsal infraorbital foramen is located anteromedial to the antorbital notch, is rounded, and has a diameter of about 5 mm. There are also at least two posterior dorsal infraorbital foramina. The largest of these is located posteromedial to the antorbital notch, is rounded, and has a diameter of about 6 mm. The second foramen is located near the anterolateral edge of the . Abbreviations: amc, anterior meatal crest; as, alisphenoid; bo, basioccipital; boc, basioccipital crest; dif, dorsal infraorbital foramen; eam, external auditory meatus; en, external nares; fg, frontal groove; fo, foramen ovale; fp, falciform process of squamosal; fr, frontal; jf, jugular foramen; jn, jugular notch; la+j, lacrimal + jugal; lmc, lateral maxillary crest; mx, maxilla; oc, occipital condyles; pmx, premaxilla; pop, postorbital process; prp, preorbital process; prs, presphenoid; ptdl, dorsal lamina of pterygoid; ptml, medial lamina of pterygoid; ptsf, pterygoid sinus fossa; scb, supracranial basin; so, supraoccipital; sq, squamosal; tsr, tympanosquamosal recess; vif, ventral infraorbital foramen; vo, vomer. Gray shaded areas indicate sediment; diagonal lines denote broken surfaces.
doi:10.1371/journal.pone.0123909.g004
Evolutionary Patterns in Kogiid Sperm Whales supracranial fossa, has a smaller diameter (<5 mm), and continues posterolaterally as a shallow groove along the edge of the fossa. A similar foramen is also observed in Praekogia cedrosensis [11] (Figs 2 and 11C ). The left maxilla has at least two posterior dorsal infraorbital foramina (Figs 2 and 14D ). Both foramina are located posterolateral to the external nares; the anteriormost is the smallest (<5 mm in diameter) and opens anteromedially whereas the second is larger (~7 mm in diameter) and opens dorsally. On the left maxilla of the referred specimen, Abbreviations: amc, anterior meatal crest; as, alisphenoid; bo/bs, basioccipital/basisphenoid; boc, basioccipital crest; eo, exoccipital; fg, frontal groove; fm, foramen magnum; fo, foramen ovale; fp, falciform process of squamosal; fr, frontal; jf, jugular foramen; la+j, lacrimal + jugal; mx, maxilla; oc, occipital condyle; of, optic foramen; pgp, postglenoid process; pop, postorbital process; prs, presphenoid; ptdl, dorsal lamina of pterygoid; ptml, medial lamina of pterygoid; ptsf, pterygoid sinus fossa; sop, supraorbital process; sp, spiny process; sq, squamosal; tsr, tympanosquamosal recess; vif, ventral infraorbital foramen; vo, vomer; zp, zygomatic process. Gray shaded areas indicate sediment; diagonal lines denote broken surfaces.
doi:10.1371/journal.pone.0123909.g005
Evolutionary Patterns in Kogiid Sperm Whales UF 273554, a single dorsal infraorbital foramen is preserved. It is located posterodorsal to the left external naris, opens laterally, and is anteroposteriorly longer than dorsoventrally wide (~1.5 cm long by 0.5 cm wide (Fig 4A and 4B) .
The palatal surface of the maxilla is flat to gently convex. There are no maxillary teeth and only faint indications of a vestigial upper alveolar groove (Figs 3 and 12E ; c. 6 [1] ). The ventrolateral edges are flange-like (maxillary flange of Mead and Fordyce [19] ) with their ventral surfaces transversely concave anteromedial to the antorbital notches. The anteriormost extension of the pterygoid sinus is represented by a shallow, oval concave fossa located anteromedial to the ventral infraorbital foramen (Figs 3 and 6 ), similar to the condition observed in Kogia spp. [30] . The infraorbital foramen is located far anteromedial to the frontal groove (Figs 3-5), Fig 6 . Right lateral view of holotype skull of Nanokogia isthmia gen. et sp. nov. (UF 280000). Abbreviations: eo, exoccipital; fg, frontal groove; fr, frontal; la+j, lacrimal + jugal; ma, mandible; mx, maxilla; lmc, lateral maxillary crest; npp, notch for posterior process of tympanic; of, optic foramen; pa, parietal; pgp, postglenoid process; pmx, premaxilla; ptdl, dorsal lamina of pterygoid; ptha, pterygoid hamulus; ptml, medial lamina of pterygoid; ptn, pterygoid notch; ptsf, pterygoid sinus fossa; scb, supracranial basin; sfc, sagittal facial crest; sq, squamosal; tc, temporal crest; zp, zygomatic process. Gray shaded areas indicate sediment; diagonal lines denote broken surfaces. doi:10.1371/journal.pone.0123909.g006
Evolutionary Patterns in Kogiid Sperm Whales being at the level of the middle of the supraorbital process of the frontal; the foramen seems to be bounded dorsally and medially by the maxilla, laterally and ventrally by the lacrimal, and posteriorly by the frontal (Figs 3, 4C, 4D and 5) .
Palatine. The palatines are convex, located medial to the maxillae, but their borders are not well defined (Fig 3) .
Lacrimal + Jugal. The lacrimal and jugal are fused as in all physeteroids for which these elements are known (c. 22 [1] ); they are large (~5 cm long) and with a triangular outline in lateral view (Fig 5) . The ventral tip of this bone is rounded (diameter of~20 mm) and ends in a blunt tip. In lateral view the posterodorsal corner of the lacrimal + jugal of Nanokogia is not deeply wedged between the frontal and maxilla, in contrast to Scaphokogia, Praekogia and Kogia (c. 23 [0]) (Muizon [8] : fig. 35; Fig 13) . In ventral view the lacrimal contacts the anteromedial surface of the frontal, and its posterior end tapers and curves posteromedially (Fig 4C and 4D) . . Abbreviations: boc, basioccipital crest; eam, external auditory meatus; eo, exoccipital; fr, frontal; lmc, lateral maxillary crest; mx, maxilla; npp, notch for posterior process of tympanic; oc, occipital condyle; of, optic foramen; pa, parietal; pmx, premaxilla; pop, postorbital process; prp, preorbital process; prs, presphenoid; ptdl, dorsal lamina of pterygoid; ptml, medial lamina of pterygoid; scb, supracranial basin; smc, supramastoid crest; sq, squamosal; tc, temporal crest; vo, vomer; zp, zygomatic process. Gray shaded areas indicate sediment; diagonal lines denote broken surfaces.
doi:10.1371/journal.pone.0123909.g007
Evolutionary Patterns in Kogiid Sperm Whales
Frontal. With the exception of the supraorbital processes, nearly all of the dorsal surfaces of the frontals are covered by the maxillae (Figs 2, 4, 11D, 14D and S2 Fig) . In lateral view the frontal-maxilla suture forms an angle of about 30°relative to the coronal plane (Fig 5; c. 25[1] ), similar to most other fossil kogiids but differing from Kogia where the angle is greater than 35° (  Fig 13; c. 25[2] ). The lateral margin of the supraorbital process is oriented parasagittally in its anterior portion, whereas the posterior part, including the postorbital process, is projected posterolateroventrally. The lateral surface between the pre-and postorbital process is laterally concave (Fig 4A and 4B) . The preorbital process is at about the same dorsoventral level as the dorsolateral margin of the base of the rostrum (Figs 6 and 13D; c. 24[0] ). The postorbital process slightly overhangs the zygomatic process of the squamosal and is separated from the anterodorsal margin of the zygomatic process by about 1 cm (Figs 6 and 13D) . The overhang of the postorbital processes is also seen in Thalassocetus and more extremely in Kogia, whereas there is no overhang in Aprixokogia and Praekogia (Fig 13) . The anterior margin of the preorbital process is rounded and blunt in contrast to the sharper ventral margin of the postorbital process. On the ventral surface of the supraorbital process there is a long (~5.5 cm) frontal groove Evolutionary Patterns in Kogiid Sperm Whales (Figs 3-5) . The groove is oriented anterolaterally at a greater angle than that observed in Kogia spp. and leads proximally to the optic foramen (~1 cm in diameter) (Figs 5-7) .
Temporal Region. The temporal crest is sharp along its posteroventral border; it curves anterodorsally towards the supraorbital processes as a lower, much less prominent crest (Figs 6  and 7) . Posterodorsally, the frontal (and/or parietal) and maxilla form a shelf that laterally overhangs the temporal wall and nuchal crest and posteriorly the occipital region to a greater degree than what is observed in Kogia spp. and other fossil kogiids (Figs 7 and 12) . The temporal fossa is similar to that in Aprixokogia kelloggi in being anteroposteriorly elongated in outline (Fig 13) .
Vomer. In dorsal view, the rostral part of the vomer seems to have reached the anterior end of the rostrum and forms the floor and lateral walls of the mesorostral groove (Fig 2) . Ventrally, it is exposed along the anterior half of the rostrum as a narrow sliver (Fig 3) ; however, the sutures are not well preserved. Posteriorly, the vomer is divided into a pair of processes that cover the lateral, but not the ventral, surfaces of the presphenoid (Figs 3, 4C and 4D ). This is similar to the condition observed in Physeter, Aprixokogia, Scaphokogia, and Kogia spp. [12] but differs from the condition observed in Praekogia cedrosensis, where the vomer covers the ventral surface of the bone [11] .
Ethmoid and Presphenoid. The ethmoid and presphenoid form the bony septum that, along with the vomer, form the medial walls of the internal and external nares. The external nares are greatly asymmetric, with the left naris being more than twice as wide as the right one (c. 18 [1] ). Posteriorly, the presphenoid widens and contacts the basisphenoid/basioccipital (Figs 3, 4C and 4D) .
Pterygoid. The pterygoid is long. The hamuli of the right and left pterygoids meet along a midline suture; when viewed ventrally they have a triangular outline. There is a narrow notch with a rounded terminus between the hamular process and the medial lamina as in Kogia. The medial lamina (= vaginal processes of Whitmore and Kaltenbach [12] ) forms the lateral and posteroventral walls of the internal nares. The pterygoid extends posteriorly as a thin (<5 mm wide) lamina whose ventral edge is inflected medially. Anteriorly, left and right medial laminae are nearly straight and parallel, diverging posterolaterally near the level of the presphenoidbasisphenoid suture, to eventually meet the basioccipital crest (Figs 3, 4C and 4D ). The dorsal lamina of the pterygoid is anteroposteriorly shorter (~4 cm long) than the medial lamina~10 cm), and are oriented perpendicular to each other. The dorsal laminae floor the anteromedial and medial surface of the optic foramen as in Kogia spp. (Figs 3, 4C, 4D, 5, 7C and 7D) .
Alisphenoid. The alisphenoid forms the posteromedial edge of the frontal groove. The ventral surface of the bone is concave, and together with the medial lamina of the pterygoid it forms part of the pterygoid sinus fossa (Fig 4C and 4D) . Near the posteromedial border of the bone is the foramen ovale, which is oriented laterally. The foramen is about 7 mm long anteroposteriorly long and 5 mm wide dorsoventrally, and seems to be roofed by the squamosal.
Squamosal. The zygomatic process is triangular in cross section (c. 27 [1] ). The glenoid fossa is gently concave and oriented anteromedially. The postglenoid process forms the anterior meatal crest and projects farther ventrally than the paroccipital process of the exoccipital in the holotype (c. 28 [0]; Fig 6) . Medially, the anterior meatal crest, terminates in a short spiny process ( Figs 4C, 4D and 5 ). Posterior to the postglenoid process there is a transverse notch representing the vestigial external auditory meatus (Figs 3, 4C, 4D, 7A and 7B ). Medial to the postglenoid process and mandibular fossa is the tympanosquamosal recess ( Figs 4 and 5) ; this area forms a fossa which likely housed the middle ear air sinus as in other kogiids in which this feature is preserved [11] . Further along the posteromedial border of the squamosal is the short (~7 mm high) and ventrally-oriented falciform process (c. 32 [2] ; Fig 5) . The squamosal fossa is mediolaterally concave and slopes anteriorly. Along the dorsolateral border of the zygomatic process, the supramastoid crest is sharp, and joins the temporal crest (= lambdoid crest of Whitmore and Kaltenbach [12] ) posteromedially (Fig 7A and 7B) . The posteroventral margin of the squamosal is posteriorly concave, with the exoccipital being exposed posterolaterally to a greater degree than is observed in P. cedrosensis (Fig 7) . The posteroventral surface of the squamosal and the anteroventral surface of the exoccipital form an anteroventrally-oriented, deep, round notch (c. 29 [1] ; Figs 3, 6, 7 and 13), more similar to what is observed in Praekogia cedrosensis than to Kogia spp. In Kogia spp. this notch accommodates the enlarged posterior process of the tympanic (not preserved here), and it is inferred that both Nanokogia and Praekogia had tympanics with enlarged posterior processes.
Basioccipital/Basisphenoid. These two bones are completely fused. The ventral surface is generally flat. The basioccipital crest is long and prominent as in other kogiids (Figs 3, 4C, 4D , 5, 7 and 8).
Occipital region. The surface of the occipital region is convex and smooth, forming an angle of about 60°with the long axis of the skull (c. 30 [1] , 31 [1] ; Figs 6 and 8) . The foramen magnum is roughly circular, and the occipital condyles are dorsoventrally elongated with rugose articular surfaces. The dorsal condyloid fossae are shallow as in Kogia and the condyles are separated ventrally by a shallow intercondylar notch. Relative to the occipital condyles, the rostrum is oriented anteroventrally (Fig 13) . The paroccipital processes are oriented posterolaterally and are posteriorly concave. The jugular notch is a~5 mm deep incisure, located between the paroccipital process of the exoccipital and the basioccipital crest. The broken left squamosal and occipital region of the holotype reveal a structure that is interpreted as the cerebral endocast (Fig 3) .
Mandible
Only the mandible of UF 280000 is preserved, although missing parts of the horizontal ramus posterior to the mandibular fossa on the left side and most of the horizontal ramus posterior to the symphysis on the right (Fig 9) . The mandibular symphysis is long and fused, with its ventral border straight and keeled (Fig 9, S1 Fig) . The alveolar row extends posteriorly to near the anterior margin of the mandibular fossa, and the alveoli are round and oriented dorsolaterally. Posterior to the mandibular symphysis, the lateral alveolar margin overhangs the external surface of the bone. The left ramus preserves alveoli for about 14 small round teeth (c. 37 [0], 39 [1] , 40 [1] ). Posterior to the symphysis, the medial surface of the horizontal ramus is convex, becoming flatter towards the mandibular foramen. The mandibular fossa is dorsoventrally broad as in other odontocetes, with a V-shaped apex forming its anterior margin. In lateral view, the gnathion marks an abrupt change in the orientation of the ventral surface and the end of the symphysis; the latter is relatively long compared to Kogia breviceps and Kogia sima (S1 Fig). Ventrally, towards the proximal end of the symphysis there is a pair of oval depressions, which would correspond to the attachment sites of the geniohyoid muscles in Kogia [31] . In dorsal view the mandibular rami gradually diverge posterolaterally. The preserved portion of the mandible is about 121 mm long, the symphysis is 101 mm long, and the tooth alveoli are around 10 mm in diameter.
Phylogenetic Analysis
In order to determine the relationships between Nanokogia and other fossil and extant kogiids, we performed a phylogenetic analysis using the character-state matrix for physeteroids of Lambert et al. [21] . The analysis includes two outgroup and 16 ingroup taxa. In contrast to Lambert et al. [21] we treated all characters as unordered, we re-scored some characters for Livyatan melvillei based on personal observations of MUSM 1676, Thalassocetus antwerpiensis based on the description by Lambert [7] , and Praekogia cedrosensis based on personal observations of UCMP 315229 (formerly University of California Riverside 15299), and we treated each species of Kogia as a separate taxonomic unit (S4 Text). We analyzed the matrix using PAUP Ã [32] , by doing a heuristic search using the tree bisection-reconnection (TBR) algorithm. Statistical support analyses were done by searching for successive longer trees to calculate decay indices and 1000 bootstrap replicates.
The phylogenetic analysis resulted in three most parsimonious trees 95 steps long with consistency index (CI) = 0.589 and retention index (RI) = 0.723. The overall topology of the strict consensus tree is identical to the one shown in Lambert et al. ([21] :Fig 2) , with the only difference being the polytomy between Nanokogia and Praekogia (Fig 10) . We use the phylogenetic definitions proposed by Lambert [7] for Physeteridae and Kogiidae. Physeteridae Gray [25] is phylogenetically defined as the group that includes all physeteroids more closely related to Physeter macrocephalus Linnaeus [22] than to Kogia breviceps (Blainville [1] ) and K. sima (Owen [2] ). Kogiidae Gill [26] is defined as the group that includes all physeteroids more closely related to Kogia breviceps (Blainville [1] ) and K. sima (Owen [2] ) than to Physeter macrocephalus Linnaeus [22] . In addition, we phylogenetically define Physeteroidea Gray [25] as the crown group composed of the last common ancestor of Physeter macrocephalus Linnaeus [22] , Kogia breviceps (Blainville [1] ), and K. sima (Owen [2] ). Pan-Physeteroidea is defined as the panstem that includes crown Physeteroidea. Finally, Kogia Gray [33] is defined as the crown group composed of the last common ancestor of Kogia breviceps (Blainville [1] ) and K. sima (Owen [2] ), and all its descendants.
Additionally, we performed an analysis of the matrix using the same parameters outlined above but setting certain characters as ordered, following Lambert et al. [21] . This analysis resulted in 73 most parsimonious trees 102 steps long with consistency index (CI) = 0.569 and retention index (RI) = 0.723. The resulting strict consensus tree (S3 Fig) included an unresolved polytomy between crownward Pan-Physeteroidea, Physeteridae and Kogiidae, with the Acrophyseter + Zygophyseter + Brygmophyseter clade fully collapsed, and Physeterula no longer being within Physeteridae. Kogiidae remained largely stable, only with a polytomy between Praekogia and Nanokogia.
Discussion
Comparison and Relationships
Nanokogia isthmia is a derived kogiid most closely related to P. cedrosensis and Kogia spp. (Fig  10) . Among these, the overall morphology of Nanokogia resembles Praekogia cedrosensis much more than any of the other taxa, especially in the shape of the supracranial basin and its small size (Figs 11-14 and S2 Fig). In contrast, the differences in cranial morphology between Nanokogia and Scaphokogia, both from Tortonian-age deposits, are striking; a greater degree of cranial disparity is observed between them compared to the disparity observed between Kogia breviceps and K. sima (Figs 11-14 and S2 Fig) . In fact, both extant species of Kogia are so similar that, until 1966, they were considered to represent a single species [5] .
The rostrum of Nanokogia resembles more closely that of Kogia spp. by having a triangular outline in dorsal and ventral views, contrasting with the more rounded outline of the rostrum of Aprixokogia and the cylindrical outline of Scaphokogia (Figs 11-14 and S2 Fig) . However, the dorsal surface of the rostrum of Nanokogia is not as concave as that of Kogia or Physeter, resembling in that respect the more flattened to shallowly convex dorsal surface of the rostrum of Aprixokogia, while the markedly convex rostrum of Scaphokogia is unique among kogiids (Fig 14, S2 Fig) . In lateral view, the height of the rostrum is fairly similar in Nanokogia, Aprixokogia and Kogia, while in Scaphokogia it is notably greater, giving it a cylindrical outline ( Figs  11-14 and S2 Fig) . The concave dorsal surface of the rostrum of Kogia, Physeter and Livyatan [21] can be considered as an extension of the supracranial basin, and accommodates the hypertrophied soft tissue structures of the forehead, namely the melon in the former, and junk and spermaceti organ in the latter two. These structures project anterodorsally beyond the limits of the rostrum (Cranford et al. [34] :Fig 8; Cranford [35] :Fig 3) . The flat to concave dorsal surface of the rostrum of Nanokogia, Aprixokogia and Scaphokogia suggests that the associated soft tissue was less hypertrophied anteriorly in these taxa.
The basicranium of Nanokogia isthmia shows a unique combination of morphological features that sets it apart from other kogiids. Nanokogia differs from P. cedrosensis in that the presphenoid is not covered ventrally by the vomer, a characteristic which Nanokogia shares with Physeter macrocephalus, Aprixokogia kelloggi, Scaphokogia cochlearis, and Kogia spp. [12, 29] (Fig 12) . However, it does share with Praekogia and Kogia spp. the presence of a wide notch in the squamosal for the posterior process of the tympanic bulla; this notch is much shallower in Aprixokogia, and absent in Thalassocetus [7, 12] (Fig 13) . Nanokogia resembles Aprixokogia in having a temporal fossa that is longer than high; thus it differs from the rounded fossa of Praekogia, and from Thalassocetus and Kogia spp. where the temporal fossa is higher than long.
The pterygoid of Nanokogia resembles that of Kogia in the presence of a notch between the hamular process and the medial lamina ( Fig 13D-13F) ; this feature is either absent or not preserved in other kogiids. However, in lateral view, the pterygoid medial lamina and other features of the basicranium of Kogia are oriented more anteroventrally than in Aprixokogia, Nanokogia, or, probably, Scaphokogia. Based on the shape of the basioccipital crest, Praekogia seems to be similar to Kogia (Fig 13) . Because of this reorientation, the basicranium of Kogia looks anteroposteriorly shortened or recurved in comparison to other kogiids (Fig 13: i.e., notice the more vertical or diagonal orientation of the long axis of the pterygoid in Kogia). This results in the postorbital process of the frontal overhanging the posterior half of the zygomatic process, foreshortening of the temporal fossa, and reposition of the glenoid fossa to a more ventral position relative to the rostrum (Fig 13E and 13F) , likely having an effect on the shape of the mandible as well.
Nanokogia is the only fossil kogiid for which an associated mandible is known. The mandible of Nanokogia differs from that of Kogia breviceps and K. sima in having a straight ventral border of the horizontal ramus (Fig 9 and S1 Fig) . In addition, the orientation of the mandible posterior to the gnathion differs markedly between Nanokogia and Kogia: the orientation in the former is posterodorsal (S1A Fig), while in the latter it is posteroventral (S1B- S1C Fig) , with the mandibular condyle located far ventrally with respect to the alveolar row. These differences are most likely the result of the reorientation of the basicranium of Kogia as mentioned above.
The supracranial basin also shows marked differences among kogiids (Figs 11-14 and S2  Fig) . In nearly all taxa, the supracranial basin is anterodorsally oriented as the posterior edge of the basin is elevated, although not as much as in pan-physeteroids and physeterids (e.g. Acrophyseter deinodon [36] and Physeter macrocephalus [37] ); the one exception being Scaphokogia whose basin seems to be oriented dorsally (Fig 13) . The sagittal facial crests of Nanokogia, Aprixokogia, Scaphokogia, and Kogia spp. differs from that in Praekogia in that the left premaxilla does not reach and form part of the sagittal facial crest (Figs 11, 14 and S2 Fig) . The sagittal facial crest of Aprixokogia differs from that of other kogiids in that it does not taper posteriorly and does not reach the posterior margin of the supracranial basin (Fig 14) . The crest is tapering and proportionately longer in Thalassocetus, Nanokogia, Praekogia and Kogia, but is much reduced in Scaphokogia. Both Nanokogia and Praekogia share with Aprixokogia the presence of a supracranial fossa mostly confined to the right side of the supracranial basin, although the extent of the fossa differs slightly (see Description) (Figs 11, 14 and S2 Fig) . In Scaphokogia cochlearis this fossa is developed to an extreme, with the sagittal facial crest displaced towards the left side of the supracranial basin, resulting in a much larger fossa [8] (Figs 11, 14 and S2  Fig) . The supracranial fossa of these taxa seems to be homologous to the central premaxillary fossa of Kogia spp. and Thalassocetus ( [7, 14] ; but see [11] for a different interpretation). In Kogia, the central premaxillary fossa corresponds to the nasofrontal sac and the relatively small spermaceti organ [34, [38] [39] . Muizon [8] and Bianucci and Landini [14] interpreted the enlarged fossa of Scaphokogia as indicative of an enlarged spermaceti organ. Considering these two structures, the supracranial fossa and central premaxillary fossa, as homologous, we hypothesize that Aprixokogia, Praekogia, and Nanokogia also possessed a spermaceti organ proportionately larger than that of Thalassocetus and Kogia spp., which will also be the most parsimonious explanation, according to our phylogenetic analysis (see below).
The results of our phylogenetic analysis place Aprixokogia kelloggi as the most basal kogiid (Fig 10) . This, together with the presence of an enlarged supracranial basin in pan-physeteroids (e.g. Acrophyseter deinodon [36] , Zygophyster varolai [40] ), indicates that an enlarged spermaceti organ is most likely the plesiomorphic condition for crown physeteroids. This suggests that reduction of the spermaceti organ has evolved iteratively within kogiids: once in Thalassocetus antwerpiensis, and secondly in Kogia spp. In Physeter macrocephalus the spermaceti organ is related mainly to sound generation [39] [40] , but has also been considered as used for interspecific aggression [41] , among other functions. In Kogia it seems that reduction of the organ has resulted in changes in its functionality relative to Physeter, and it has become part of a complex sound-generating system [39] . It has been hypothesized that strong sexual selection has influenced the hypertrophy of the spermaceti organ and nose of Physeter [34] , so it could be argued that the smaller organ of Kogia is the result of less intense sexual selection. Furthermore, cetaceans that display strong sexual selection tend to have larger pelvic bones [42] , which in Kogia seem to be extremely reduced or absent [43] . However, we would need more data from living kogiids as well as fossils with associated cranial and postcranial material in order to test this further.
Our results also differ from previous analyses regarding previously published divergence estimates between Kogia breviceps and K. sima. McGowen et al. [44] estimated that the average time of divergence between Kogia breviceps and K. sima was around 9.33 Ma (based on a 4.03-15.38 Ma range). Instead, our results, which place Kogia pusilla from the late Pliocene of Italy [14] as the fossil taxon most closely related to extant Kogia, coupled with the occurrence of Kogia-like periotics in the early Pliocene Yorktown Formation of North Carolina ( [45] ; JVJ pers. obs.), imply that the divergence between extant Kogia occurred sometime after the early Pliocene, and that it was the result of a much more recent speciation event (Fig 14) .
Paleoecology
The depositional environment of the Chagres Formation has been a subject of debate, with a variety of paleobathymetric depths estimated for its three distinct members [16] [17] . The Piña facies, from which Nanokogia was collected, has been widely described as upper bathyal following Collins et al. ([16] :Fig 1) . De Gracia et al. [46] used fossil osteichthyan and chondrichthyan occurrences to characterize the Piña facies as reflecting both neritic and mesopelagic openocean settings, giving a paleobathymetric estimate of 100-700 m. More recently, Hendy et al. [17] , using the mollusk assemblage, estimated the depositional depth of the Piña facies to be typical of the outer continental shelf, around 100-150 m of water depth. The fish assemblage, which includes billfishes [47] and abundant myctophids [48] , among others, is suggestive of areas of coastal upwelling [46] . This upwelling system likely supported a large diversity of fishes and pelagic invertebrates, such as squids.
Kogia breviceps and K. sima feed mainly on squids (teutophagy), but are also known to consume myctophids [49] [50] , feeding mainly on prey within the epi-and mesopelagic zones [5, 51] . Because of the morphological similarities between the rostrum and other features of the skull of Nanokogia and that of Kogia, coupled with other paleontological and geological evidence (i.e. high abundance of myctophids, presence of teuthid statoliths, and paleobathymetry estimates for the Piña facies), we hypothesize that Nanokogia fed mainly on diel-migrating fishes (e.g. myctophids) and squids; while the relatively short rostrum is indicative of suction feeding [52] . However, Nanokogia may have had different sound-generating capabilities, as its spermaceti organ was likely larger than that of Kogia (see Comparison and Relationships). Furthermore, when we compare Nanokogia with the other known Tortonian kogiid, Scaphokogia cochlearis, it is evident that there is a greater morphological disparity of the rostrum between these coeval taxa than what is observed between modern species (Figs 11-13 and S2 Fig). The disparity between Nanokogia and Scaphokogia is probably related to different feeding or foraging specializations in the latter. Unfortunately there are no extant analogs for the unique cranial morphology of Scaphokogia, making it difficult to infer its paleoecology.
Fossil Marine Mammals of Central America
There are few other reports of fossil marine mammals from Central America. These include a balaenopterid from the lower Pliocene of Nicaragua [53] , odontocetes from the mid-and upper Miocene of Costa Rica [54] [55] , and sirenians and odontocetes from the lower through upper Miocene of Panama [56] [57] [58] . Based on isolated teeth, several odontocete families were tentatively identified from the Miocene of Costa Rica [54] [55] . However, because isolated teeth are poorly diagnostic and highly convergent amongst very different groups, these identifications must be viewed with caution. Previously described marine mammals from Panama consist of isolated postcranial elements (ribs and vertebrae) representing unknown sirenians, mysticetes and odontocetes, from other coeval or older formations [56] [57] . So far the only other odontocete reported from the Chagres Fm. is an isolated tooth of a pan-physeteroid. The tooth was described by Vigil and Laurito [58] as a physeterid, although it should be more properly referred to as a pan-physeteroid due to the presence of an enameled crown. Additional cetacean material from the Piña facies, under study by one of us (JVJ), includes an undescribed pan-physeteroid with Scaldicetus-type teeth (teeth with large bulbous roots and small enameled crowns; Smithsonian Tropical Research Institute [STRI] 34111), an inioid (USNM 546125), and remains of small delphinoids (STRI 37037 and STRI 37039), hinting at a greater diversity of late Miocene Central American marine mammals than currently known. This would be consistent with the diversity seen in other contemporaneous or nearly contemporaneous sites in North America (e.g. Agricola [59] and Isla Cedros [60] [61] faunas in Florida and Baja California, respectively) and South America (e.g. Montemar [10] and Cerro Ballena [62] faunas in Peru and Chile, respectively).
Conclusions
Herein we described Nanokogia isthmia, from late Miocene (Tortonian) deposits on the Caribbean coast of Panama, and analyzed disparity and temporal patterns among kogiids, including the living dwarf and pygmy sperm whales. A phylogenetic analysis places Nanokogia in a polytomy with Praekogia cedrosensis, more closely related to Kogia spp., than to other taxa. However, Nanokogia shows a unique combination of morphological features that set it apart from these and other kogiids. Based on morphological features that Nanokogia shares with Kogia, as well as other lines of evidence from the fossil record, we hypothesized that the Panamanian kogiid fed mainly on diel-migrating fishes and squids by suction feeding. Based on our phylogenetic analysis, we concluded that an enlarged spermaceti organ is the plesiomorphic condition for kogiids, and that reduction of the organ has occurred iteratively, at least twice within the clade. Furthermore, the crown clade Kogia seems to have originated at or after the early Pliocene, which is later than previously published molecular estimates. Accordingly, we suggest that future studies of cetacean phylogeny take more into account the use of fossils for calibrations of their trees at all possible taxonomic levels.
In addition to Nanokogia isthmia, other cetaceans from the Piña facies of the Chagres Fm. include physeteroids, inioids, and small delphinoids, indicating that the upper Miocene of Panama may hold a diverse array of marine mammals similar to other contemporaneous sites in North and South America. Finally, the presence of kogiids in the Neotropics shows that the group has been present in the region at least since the late Miocene, and highlights the importance of research in this region in order to further understand the evolutionary history of marine mammals. 
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